Mitochondria are essential organelles, found within eukaryotic cells, which contain their own 22 DNA. Mitochondrial DNA (mtDNA) has traditionally been used in population genetic and 23 biogeographic studies as a maternally-inherited and evolutionary-neutral genetic marker. 24 However, it is now clear that polymorphisms within the mtDNA sequence are routinely non-25 neutral, and furthermore several studies have suggested that such mtDNA polymorphisms are 26 also sensitive to thermal selection. These observations led to the formulation of the 27 "mitochondrial climatic adaptation" hypothesis, for which all published evidence to date is 28 correlational. Here, we use laboratory-based experimental evolution in the fruit fly, 29
Impact Summary 39 40
We applied experimental laboratory evolution to provide the first direct test of the 41 "mitochondrial climatic hypothesis," which predicts that the variation of mitochondrial 42 genomes across natural distributions of metazoans can be shaped by thermal selection. Our 43 design is the first of its kind when it comes to inferring the role of thermal selection in 44 shaping mtDNA frequencies in nature. We harness two naturally occurring mtDNA 45 haplotypes of Drosophila melanogaster that segregate along the east coast of Australia. One 46 of these haplotypes predominates at sub-tropical northern latitudes and the other in the 47 temperate and cooler south of the country. We then compete these haplotypes against each 48 other in replicated experimental fly populations submitted to one of four different thermal 49 regimes, in either the presence or absence of infection by Wolbachia, a coevolved 50 endosymbiont that also exhibits maternal transmission. 51
We confirm that when evolving in the laboratory under warmer conditions, a 52 adaptation hypothesis by determining whether multigenerational exposure of replicated 84 populations of fruit flies to different thermal conditions leads to consistent changes in the 85 population frequencies of naturally-occurring mtDNA haplotypes. 86
In the wild, different locally-adapted populations routinely come into secondary 87 contact and hybridize, which enables selection of novel mito-nuclear genotypes that might be 88 better suited to a new or changing environment [23] . Such an evolutionary scenario is likely 89 to have become increasingly common in the Anthropocene, wherein humans have rapidly 90 altered both climatic conditions and levels of habitat connectivity [24] . We reproduced such a 91 hybridization event under controlled laboratory conditions by interbreeding two 92 subpopulations of D. melanogaster, each adapted to thermal environments at a different end 93 of an established and well-studied latitudinal cline [25, 26] . It is thought that the species was 94 introduced into Australia during the past one to two hundred years, probably via recurrent 95 introductions of flies from both African and European origins [26, 27] . The species has been 96 studied extensively in the context of thermal adaptation along latitudinal clines, both within 97 6 confers superior resistance to extreme heat exposure, but inferior resistance to cold exposure 106 than its temperate-predominant counterparts. 107 To characterize our model system in detail, we designed a study based on 108 experimental evolution, in which we submitted replicated laboratory populations of D. 109 melanogaster to one of four different regimes of thermal selection. We note that similarly to 110 patterns observed in mtDNA haplotype frequencies, Wolbachia infection frequencies also 111 concord to latitudinal clinal patterns along the Australian east coast distribution of D. 112 melanogaster, with higher frequencies in low latitude populations [30] . Furthermore, both the 113 mtDNA and Wolbachia are maternally-inherited. Therefore, it is possible that previously 114 reported clinal patterns in mtDNA haplotypes in Australia [29] might have been in part 115 shaped by direct selection on Wolbachia genomes, with changes in mtDNA haplotype 116 frequencies brought about by genetic hitchhiking on particular strains of Wolbachia. In order 117 to test the interacting effect of Wolbachia infection on the dynamics of mtDNA adaptation 118 under thermal selection, we replicated our experiment, under two different conditions -one in 119 which the ancestors of our experimental flies had been treated with antibiotics to remove 120
Material and Methods 123

Experimental procedures 124
Wild subpopulations of D. melanogaster were sampled during January 2012 in Australia. We 125 sampled a "hot" adapted subpopulation ("H"; Townsville: -19.26, 146.79) in the northeast, 126 and a "cool" adapted subpopulation ("C"; Melbourne: -37.99, 145.27) in the south of the 127 continent. We collected fertilised females and established 20 isofemale lineages from each 128 wild population. Each lineage then underwent three generations of acclimatisation to 129 laboratory conditions. 130
Wild fruit flies are often hosts of intracellular parasites, such as Wolbachia and 131 associated maternally-transmitted microbiomes that are known to manipulate host phenotypes 132 and affect their thermal sensitivity [31, 32, 33] . To assess the effects of thermal selection on the 133 standing mitochondrial variation in our experiment, both in the presence and especially the 134 absence of these maternally-inherited microbiota that co-transmit with the mtDNA, we treated 135 a full copy of our isofemale lineages with the antibiotic tetracycline hydrochloride (0.164 mg 136 mL -1 tetracycline in food for 3 generations), such that we maintained a one full copy with 137 putative Wolbachia and unperturbed microbiomes, and one full copy without Wolbachia but 138 with perturbed microbiomes [34] . 139
We then propagated these lineages for a further 10 generations to mitigate any 140 effects of the antibiotic treatment under laboratory conditions. Flies were reared at 25°C on a 141 12:12 hour light:dark cycle in 10 dram plastic vials on a potato-dextrose-agar medium, with 142 live yeast added to each vial ad libitum. All isofemale lineages were then transferred from our 143 laboratories in Australia to those in Japan, and their food medium changed to a corn flour-144 glucose-agar medium (see Supplementary Table S1 ), with live yeast added to each vial ad 145 libitum. To set up a series of replicated experimental populations, they acclimatized for a 146 further 3 generations at 25°C before entering the admixture process described below. 147
We pooled 5 virgin females (♀) from each of 18 of the H isofemale lineages, 148 Supplementary Table S2 ). We then 154 allowed the flies to lay eggs over 8 consecutive days and transferred them to fresh bottles as 155 indicated in Supplementary Table S3 . From this step, we reared all flies in 250 ml bottles on a 156 corn flour-glucose-agar medium until the experiment was concluded. In the next step, we 157 (Table 1) . To 213 interpret the underlying basis of this interaction, we then decomposed the analysis into two 214 linear mixed-effect models examining haplogroup frequency change according to thermal population as a random effect. Statistical significance between fluctuating-cold and 218 fluctuating-warm thermal treatments has been evaluated by multiple Welch's t-tests (Table 3) . 219
We then estimated selection coefficients according to the haploid selection model and verified 220 that our measurements are not affected by genetic drift by simulations of the Wright-Fisher 221 model (Appendix S1). 222
In order to evaluate whether haplogroup frequencies in males are following the 223 frequencies in females in our starting generation, we applied a linear mixed-effect model 224 comparison of haplogroup frequencies between males and females in starting generation 225 according to antibiotic treatment. Antibiotic treatment and sex were modelled as fixed effects; 226 experimental population was modelled as a random effect. 227
Even within a single generation, thermal selection might yield sex differences in 228 differential survival, from egg to adulthood, of individuals bearing different mtDNA 229 haplotypes; however, under strict maternal inheritance these differences will be reset at each 230 generation. To evaluate the capacity for thermal selection to evoke such within-generation 231 sex-differences in mtDNA frequencies, we applied a multilevel model examining the effect of 232 sex, antibiotic treatment, and thermal regime on B mtDNA haplogroup frequency in the final 233 generation. We modelled the thermal treatment as a fixed effect, the experimental population 234 (n=15 levels) and sub-populations (n=60 levels) as random effects. Statistical significance of 235 within generation frequency differences between sexes in particular treatments has been 236 evaluated by homoscedastic two-tail t-tests in Microsoft Excel.
Results 238
The A haplogroup is found to predominate in the low-latitude, hot, tropical subpopulation 239 from Townsville (H), whilst the B haplogroup predominates in the temperate, cooler 240
Melbourne subpopulation (C; Fig. 2 ). Starting haplogroup frequencies in our experimental 241 populations reflect the composition of the wild populations. On average, 45% of flies at the 242 outset of the experiment possessed the A haplogroup and 55% the B haplogroup. These 243 frequencies were confirmed by individual genotyping of nearly all flies in all 15 experimental 244 populations, at this starting generation of experimental evolution ( Supplementary Table S2 ). 245
We observed a statistically significant two-way interaction between thermal 246 regime and antibiotic treatment on changes in haplogroup frequency in our experiment (Table  247 1). The interaction was driven by an effect of thermal regime on haplotype frequencies in the 248 antibiotic treated, but not the untreated, populations (Group ATB, P Table  249 2). This effect is important because in the absence of Wolbachia infection, changes in 250 haplogroup frequencies can presumably be attributed directly to selection on standing 251 variation in the mitochondrial genome. In the antibiotic treated group, we found that the 252 frequency of the B haplogroup decreased in both of the warmer treatments but increased in 253 the colder treatments. This response is consistent with the spatial distribution of the 254 haplogroups along the Australian cline, where the B haplogroup predominates at temperate 255 higher latitudes, while the A haplogroup predominates in subtropical low latitudes [29] . The 256 largest statistically significant haplotype frequency differences are observed between 257 fluctuating cold and fluctuating warm conditions (P = 0.0034 in Table 3 ). We estimated the 258 selection coefficient of the B haplogroup for fluctuating warm conditions s w = -0.082±0.026. 259
We estimated the selection coefficient of the B haplogroup for fluctuating cold conditions s c = 260 be accounted for solely by drift (P= 0.0013 in Appendix S1). 262
We also observed an effect of the thermal regime on within-generation sex 263 differences in the frequency of the mtDNA haplogroups (Tables 4 and 5, Figs 5 and 6). These 264 differences were already apparent in the starting generation (P= 0.0387 in Table 4 frequencies is striking, supporting the finding that sex-differences in frequencies are not 270 occurring randomly (P= 0.0321 in Table 5 ). Under these particular conditions, the frequency 271 of the B haplogroup was higher in adult males than in adult females, suggesting differences in Supplementary Table S5 ). Clearly 298 the dynamics of selection in the wild will differ from those in a highly controlled laboratory 299 experiment, and spatial and temporal environmental variation is likely to lead to genotype-by-300 environment interactions that might maintain these mitochondrial haplotypes in the wild 301 notwithstanding their sensitivity to thermal selection. In agreement with this argument, our 302 experiments found that the predicted patterns of the A haplogroup outcompeting the B 303 haplogroup under warmer conditions were sustained only in experimental populations that 304 had been antibiotic-treated, and had therefore experienced a microbiome perturbation, and 305 were free from Wolbachia. We did not observe the predicted patterns in populations in which 306 flies harboured their coevolved microsymbionts, including possible infections with 307 indicating that Wolbachia prevalence is likely to be itself shaped by climatic selection. The 315 low-latitude Australian sub-tropical populations exhibit higher levels of Wolbachia infection 316 than higher latitude temperate populations [30, 44] . It is possible that genetic polymorphisms 317 within the mitochondrial genome will interact with polymorphisms spanning distinct 318
Wolbachia strains to affect fitness outcomes of their hosts. The nature of these complex 319 interactions between Wolbachia, mitochondrial, and host nuclear genome currently remains 320 completely unexplored. In the absence of further research that elucidates the relative 321 contributions of selection on Wolbachia versus mtDNA haplotypes in shaping the patterns of 322 mitochondrial haplotypic variation observed in nature, it remains difficult to derive 323 predictions as to how host-Wolbachia dynamics will affect changes in mito-genomic 324 compositions of natural fruit fly populations [30, 46] . Wolbachia clades are also known to 325 exhibit habitat-specific fitness dynamics [47], and it is possible that different Wolbachia, or 326 other microsymbiont, strains are linked to the two different mtDNA haplogroups studied here, given that each co-transmit with the mtDNA in perfect association along the maternal lineage, 328 and that the mtDNA frequencies in the antibiotic-free treatments hitchhiked on frequency 329 changes involving these microsymbiotic assemblages, as is expected by theory, and has been 330 observed previously [48, 49] . 331
We observed that haplotype frequencies in males did not necessarily track 332 frequencies in females across the experimental treatments. These sex differences across the 333 experimental treatments were complex, and involved changes in sign under the different 334 combinations of experimental conditions. A key point to note is that selection on mtDNA in 335 males will not directly contribute to shaping patterns of mtDNA variation between 336 generations, under the assumption that males virtually never transmit their mtDNA 337 haplotypes to their offspring. As such, mitochondrial genomes are predicted to evolve under a 338 sex-specific selective sieve [50] , in which mutations in the mtDNA sequence that confer harm 339 to males can nonetheless accumulate in wild populations, so long as these same mutations are 340 neutral or beneficial for females [51, 52, 53, 54] . In the absence of inter-sexual positive 341 pleiotropy, such male-expression specific mtDNA mutations could in theory shape patterns of 342 haplotype frequencies within a generation, if they affect male-specific patterns of juvenile or 343 adult survival, but would not be passed on to the next generation, and would thus not shape 344 haplotype frequencies across generations. Male-biased mitochondrial genetic effects on key 345 life history phenotypes have been observed previously [50, 54, 55 associated with each stage of the admixture process for flies whose ancestors had been 708 exposed to antibiotic treatment (ATB), while grey text on the right corresponds with untreated 709 flies (UTR).
Figure 2: Relationship of A and B mtDNA haplogroups. 712
The circle area for each haplogroup is proportional to its frequency in the wild sample (A=18 713 females, B=22 females). Colours indicate the sampling region: Townsville (red, 20 females) 714
and Melbourne (blue, 20 females). Small grey circles represent genotyped-SNP divergence 715
( Supplementary Table S5 ). 
